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Electromagnetic coupling between resonant plasmonic oscillations of two closely spaced 
noble metal particles can lead to a strongly enhanced optical near field in the gap 
between. This effect is widely used in surface- and tip-enhanced Raman scattering 
(TERS)
1-4
 or for the enhancement of molecular luminescence.
5
 Resonant surface 
plasmon amplification by stimulated emission from a nanometer-sized optical gain 
medium, similar to a laser, has recently been predicted and experimentally realized.
6,7
 
However, new discoveries in quantum plasmonics show that an upper limit is imposed to 
the field enhancement by the intrinsic nonlocality of the dielectric response of the metal 
and the tunneling of the plasmon’s electrons through the gap.8,9 Here, we introduce and 
experimentally demonstrate optical amplification and stimulated emission from a single 
optically pumped molecular tunneling junction of a scanning tunneling microscope 
(STM). The gap between a sharp gold tip and a flat gold substrate covered with a self-
assembled monolayer (SAM) of 5-chloro-2-mercaptobenzothiazole (Cl-MBT) molecules 
forms an extremely small optical gain medium. When electrons tunnel from the Cl-
MBT’s highest occupied molecular orbital (HOMO) to the tip, holes are left behind. 
These can be repopulated by hot electrons induced by the laser-driven plasmon 
oscillation on the metal surfaces enclosing the cavity. Solving the laser-rate equations for 
this system shows that the repopulation process can be efficiently stimulated by the gap 
mode’s near field, TERS scattering from neighboring molecules acting as an optical 
seed. Our results demonstrate how optical enhancement inside the plasmonic cavity can 
be further increased by a stronger localization via tunneling through molecules. We 
anticipate that stimulated emission from an STM junction will advance our fundamental 
understanding of quantum plasmonics and lead to new analytical applications. 
Furthermore, this concept represents the basis for novel ultra-small, fast, optically and 
electronically switchable devices and could find applications in high-speed signal 
processing and optical telecommunications. 
 
The emission of photons from the gap of a scanning tunneling microscope (STM) has been a 
focus of interest for more than twenty years
10
 and has been used for acquiring spectroscopic 
information with ultra-high spatial resolution.
11
 For pure metal surfaces
12,13
 or organic 
monolayers adsorbed directly on a metal surface,
14
 the emission of light originates 
predominantly from the radiative decay of localized surface plasmons (LSP) excited by 
inelastic electron tunneling (IET) as the direct luminescence of the molecules is quenched. If 
the molecules are decoupled from the metal surface by an ultra-thin dielectric layer, intrinsic 
 2 
molecular luminescence can be observed down to the single-molecule level, showing vibronic 
bands.
15,16
 The efficiency of this photoemission is very low, typically one emitted photon per 
10
5
-10
6 
tunneling electrons.
10
 In recent years, a different approach for ultra-high resolution 
optical spectroscopy has emerged. So-called tip enhanced Raman scattering (TERS),
3,17-19
 or 
gap mode near-field optical microscopy, has attracted great interest as a means for local 
Raman or luminescence spectroscopy with nanometer spatial resolution. In this approach, the 
metal tip serves as an optical antenna and generates an electromagnetic near field in the gap, 
locally enhancing excitation. At the same time, the emission and radiation of photons into the 
far field
20
 is enhanced due to the increased local density of optical states in the gap. Since 
efficient Raman scattering from molecules in the gap requires gap widths as short as one 
nanometer, electron tunneling is meanwhile routinely used to control the tip/sample 
distance.
4,21,22
 
Here we show amplification of TERS and luminescence emission from an STM junction (Fig. 
1a) by applying a bias voltage exceeding a threshold of Ub > 1000 mV.  In the low bias-
voltage range, i.e. for |Ub| < 1000 mV, the spectra (Fig. 1b and 1c) are almost independent of 
Ub and one can observe the typical tip-enhanced Raman bands of Cl-MBT residing on a broad 
luminescence background. The prominent bands are the aromatic C-C stretch vibrations 
around 1600 cm
-1 
and
 
the aromatic C-H stretch vibrations at 2900 cm
-1
. When Ub exceeds the 
threshold of 1000 mV we observe an intensity increase of one order of magnitude affecting 
primarily the aromatic Raman bands around 1600 cm
-1
,
 
whereas for a negative bias voltage 
the intensity increases only by a factor of two and affects the whole spectrum (Fig. 1c).This 
behavior is fully reversible up to Ub=2000 mV (data see supplementary). The dependence on 
the incident laser power also exhibits a distinct nonlinear behavior with a threshold separating 
a low-gain regime and a high-gain regime (Fig.1d), both for continuous-wave (CW) and 
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pulsed excitation (pulse length 100 ps, 80 MHz repetition rate). Both curves show the 
 
Fig. 1a) Tunneling junction consisting of a sharp gold that tip statically positioned above a 
gold substrate covered with a monolayer of chemisorbed Cl-MBT-molecules. Sequences 
optical spectra recorded from the tunneling as a function of the positive bias voltage (Fig. 1b) 
or negative bias voltage (Fig. 1c). (Fig. 1d) Spectrally integrated Stokes-shifted emission 
intensity as function of the incident laser power for continuous-wave (CW) and pulsed 
illumination (CW-equivalent power) showing for a distinct threshold between a low- and high 
gain regime. (Fig. 1e) Theoretical curves showing the emission rate  as a function of the 
incident laser photon flux  (upper case) and the bias voltage  for descriptive values of 
the experimental parameters. 
nonlinear onset at comparable equivalent powers and have the same slope in the high-gain 
regime (see supplementary). This indicates that the system has reached stationary conditions 
em
L bU
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within 100 ps, as expected for typical plasmon relaxation times on the order of 100 fs.
23
 When 
the laser irradiation is switched off light emission is three orders of magnitude weaker and 
occurs exclusively from inelastic tunneling at bias voltages |Ub| ≥ 1500 mV (Fig. 2b).  
 
Fig. 2a) Tip-enhanced emission spectra from the tunneling junction excited at  = 632.8nm 
with 250W as a function of the bias voltage(i) with the respective spectrally integrated 
intensity trajectory (iii) as a function of bias voltage. (Fig 2b) Luminescence spectra excited 
by inelastic tunneling without laser illumination as a function of the bias-voltage (i). All 
spectra were recorded with the same tunneling current (1nA) and are normalized to 1s 
integration time. The corresponding quantum efficiencies (QEs) are defined as the number of 
Stokes-shifted photons per tunneling electron and can directly be compared for the two 
situations.  
The spectra show the typical broad tip plasmon modes, which depend on the morphological 
details of the tip-sample junction
10
 and look very similar to the emission bands observed from 
inelastic tunneling and radiative plasmon relaxation of a pure Au-tip/Au-sample junction (see 
Supplementary Fig. 3d). For negative bias voltages, on the other hand, the Cl-MBT junction 
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exhibits only very weak photon emission in contrast to the Au/Au case, from which similar 
photon emission intensities can be observed for both polarities when |Ub| ≥ 1500 mV (see 
Supplementary Fig. 3d). By comparing the intensity trajectories (Figs. 2a iii and Fig. 2b iii) 
one can see that the spectrally integrated intensity of the optical signal caused by inelastic 
tunneling alone is more than two orders of magnitude smaller than the bias voltage dependent 
increase of the optical signal of the laser illuminated junction, meaning that the increase of the 
optical signal in Figs. 1b) and 2a) is not only an additive effect but a true amplification when 
the bias voltage exceeds 1300 mV. It thus seems likely that the energy levels of the surface-
bound molecules and the density of electronic surface states of the Au substrate along with 
their relative alignment play a paramount role in the observed optical emission and 
amplification processes. Indeed, ultraviolet photoelectron spectroscopy (UPS) measurements 
of a monolayer of Cl-MBT on Au reveal the energetic distribution of the HOMO of the 
surface-bound molecules with respect to the Fermi level of the Au surface at around -1.5 – 2.0 
eV and the d-bands of Au below -2.0 eV (see Supplementary Fig. 2). These energy ranges 
coincide with the bias voltages for which we observe the step-like increases of the TERS 
signal and the laser-induced Au luminescence signal, vis. Figs. 1b), 2a) and 2b), respectively. 
To further elucidate the role of the tip’s bias, we first consider the light emission observed 
without laser irradiation (Fig. 2b and supplementary Fig. 5d). For a pure Au/Au junction the 
emitted light originates from inelastic electron tunneling and the radiative decay of the 
consequently excited surface plasmons independent of polarity.
10-12,13,24
 In contrast the Au/Cl-
MBT/Au junction light emission induced by inelastic tunneling is one order of magnitude 
more efficient when the tip is positively charged than for a negatively charged tip. Obviously 
the surface bound molecules have influence on light emission by inelastic tunneling. For 
positive bias voltages Ub ≥ 1500 mV, the sharp intensity increase seen in Fig. 2b) indicates 
that electrons can additionally (elastically) tunnel from the HOMO of the surface-bound 
molecules (at -1.5 – 2.0 eV) to the positively charged tip. For electrons near the Fermi energy 
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recombining with a bound molecule’s HOMO, the excess energy corresponds to the PL band 
at around 775 nm observed for Ub ≥ 1500 mV (blue spectrum in Fig. 2b). When the bias 
voltage is further increased, Ub ≥ 2000 mV, electrons from surface orbitals of the d-band 
begin to tunnel elastically to the tip, also giving rise to holes. The recombination of these 
holes with electrons from the Fermi level is then the source of the energetically higher, blue-
shifted band at 725 nm (green spectrum in Fig. 2b). If the bias voltage is inverted (negative tip 
and positive sample) we observe only a very weak PL signal from the Cl-MBT-adsorbed 
sample. Evidently, electron-hole formation and radiative recombination is hindered by the 
inverted polarity. In contrast, for a bare Au/Au junction the tunneling-induced luminescence 
is only weakly polarity-dependent, with differences between both polarities due to the 
geometrical difference between the tip apex and the substrate surface. We thus draw the 
conclusion that electron-hole formation and radiative recombination occurs on very localized 
scale, only in those few surface-bound molecules that form a tunneling junction between the 
substrate and the tip. The source volume of the molecular PL is thus much smaller even than 
the plasmonic gap mode. 
Illuminating the tip/sample junction in addition with a focused laser beam polarized along the 
tip’s axis, a coupled surface plasmon oscillation in the tip and the underlying sample surface 
is induced, manifesting itself as a highly localized surface charge oscillation at the very apex 
of the tip and the Au surface below. Recently, it has been shown that plasmon-excited 
nanoparticles can be an efficient source of hot electrons
25,26
. Each surface plasmon quantum 
can either decay into a photon (via scattering) or into an electron-hole pair (EHP, via 
absorption) that can recombine under emission of a luminescence photon. This luminescence 
emission appears spatially collocated with the plasmons themselves,
27
 implying that the hot 
electrons remain localized until their decay. New studies of very small gaps (< 1 nm) and 
nearly touching pure metal nanoparticles show that an upper limit is imposed to the field 
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enhancement in the gap by the intrinsic nonlocality of the metal’s dielectric response, which 
leads to electron spill-out and the tunneling of the plasmon-excited electrons through the 
gap.
8,9,28
 In our experiments, the confinement limit of electron tunneling and electron-hole 
recombination is defined only by the individual surface-bound molecules.  
 
Fig. 3) Schematic energy level diagram of the gap/molecule hybrid system in a laser-
illuminated tunneling junctio. Green arrows denote processes drawing energy from the 
incident laser field and red arrows represent emission or scattering processes. The incident 
radiation leads to (1) Raman scattering form the surface-bound molecules and (2) generates 
hot surface electrons with a non-thermal distribution indicated in yellow. Nonradiative 
processes are indicated by black arrows, i.e. elastic tunneling of electrons from the molecules’ 
HOMO levels to the tip (3) when the Fermi-level of the tip falls below the HOMO-level of the 
closest surface-bound molecules and nonradiative recombination of hot electrons (4) with 
holes in the molecules repopulating the HOMO levels. 
Having understood the individual processes involved, one can summarize the behavior of the 
Au/Cl-MBT/Au junction in an energy level scheme as represented in Fig. 3. Green arrows 
represent processes drawing energy from the incident pump-laser field, i.e. Raman scattering 
from the surface-bound molecules (1) and generation of hot electrons from the d-band (2). 
Plasmon excitation is not shown in this figure. When the Fermi level of the tip drops below 
the energy of a surface-bound molecule’s HOMO energy, efficient elastic electron tunneling 
from the molecule closest to the tip sets in (3), leaving behind a hole in the molecule. This 
hole can then easily be refilled by a hot surface electron from the Au substrate (4), emitting a 
photon which can be observed by the detector. The rate of this optical process depends on two 
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factors: the local density 
*
e  of hot surface electrons which is a function of the incident laser 
power, and the tunneling rate 
tk  from the HOMO to the tip which is a function of the applied 
bias voltage. 
The nonlinear increase of the emission intensity with increasing incident laser power is typical 
for a system in which a positive feedback process is taking place, directing a portion of the 
amplified Raman and PL emission back towards the substrate/molecule hybrid system. 
Considering the fact that the Raman scattering and PL emission processes originate in the 
very center of the tip/substrate gap, any generated photon will first couple to the gap mode 
before being scattered to the far field. While the gap mode’s plasmon resonance is very broad, 
exhibiting a quality factor of only Q≈15, the resonantly stored energy is extremely well 
localized spatially, in a volume having an upper limit of approximately 4×4×1 nm
3
 (see 
Supplementary Fig. 1). The feedback of the emitted energy back to the quantum system can 
thus be very efficient, still. A stimulation of the radiative decay of hot electrons into the 
molecule’s emptied HOMO level can explain the nonlinear dependence of the emission 
intensity on the incident laser power. 
The optical system comprising the gap mode, plasmonic feed-back and the substrate/molecule 
hybrid system is reminiscent of a novel nanoscale laser, containing an extremely small and 
fast optical gain medium exhibiting a population inversion, i.e. the hot-electron recombination 
of the molecule’s depleted HOMO level, bi-directionally coupled to a resonator, i.e. the 
plasmonic gap mode. In this case, population inversion occurs between an empty HOMO-
level and the higher lying energy level of hot electrons and thus gain is expected under the 
very conditions for which enhanced emission can be observed experimentally: depletion of 
the HOMO via elastic tunneling to the tip and generation of hot electrons by irradiating the 
plasmonic system with incident laser light. TERS scattering from neighboring molecules acts 
as an optical seed signal in the cavity mode and is amplified in the molecular tunneling 
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junction by stimulated emission from hot electrons recombining with holes in the surface-
bound molecules. This leads to the spectral narrowing of the amplified signal (Fig. 1b) in the 
metal-molecule-metal junction for a positive bias voltage above threshold. For a negative bias 
voltage electrons can tunnel directly from the tip to the metal substrate without the creation of 
holes in the HOMO-level of the surface bound molecules. In this case the molecules rather 
form a thin insolating layer hindering light emission from inelastic tunneling. The behavior of 
the molecule/gap hybrid system can be described with coupled rate-equation model for the 
population  of the molecule’s HOMO level and the gap mode’s energy density  (see 
Supplementary) reproducing the nonlinear increase of the emitted signal as a function of the 
incident laser power and the bias voltage (Fig. 1e) for the experimental parameters underlying 
our experiment. 
Our work demonstrates experimentally and explains theoretically a novel concept for an 
ultrasmall plasmonic laser based on a single hybrid plasmon/molecule/plasmon tunneling 
junction and opens new prospects for novel ultra-small (for example based on single 
molecules), fast, optically and electronically switchable devices that could find applications in 
high-speed signal processing and optical telecommunications. 
Methods 
All measurements were performed with a fully homebuilt parabolic mirror scanning near-field 
optical microscope
29,30
 equipped with an also homebuilt STM scanner. A 200 nm thick gold 
layer was evaporated on a silicon wafer. These substrates were then dipped for 10 minutes in 
a 10
-2
 M solution of Cl-MBT (Sigma Aldrich, 90% technical grade) molecules in Uvasol 
methanol. Afterwards, the samples were carefully rinsed with methanol and dried in a clean-
air box. The gold tips were prepared by electrochemical etching in a fuming HCl 
solution(Sigma Aldrich Art.-Nr. 84415). A helium-neon laser (Melles Griot 25LHP991-230) 
at 632.8 nm (250 W) was used as a CW excitation source. Integration time per individual 
spectrum was between 1 and 3 s. To compare the spectra with different integration times we 
normalized all spectra to one second and calculate the QE according to the number of 
electrons tunneling in this time. As a second excitation source we used a pulsed diode laser 
(Picoquant LDH-D-C-640) at 635 nm (up to 270 W). During a spectra series the tip was 
positioned statically above the surface and the tunneling current was kept constant at 1 nA.
0P 
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